The morphology of micelles formed by two poly(2-vinylpyridine)-blockpoly(ethylene oxide) (P2VP-b-PEO) copolymers has been studied in phosphatebuffered water by dynamic light scattering and transmission electron microscopy. Spherical micelles are observed when the P2VP block is the minor component of the diblock copolymer. When P2VP dominates the composition, transition from spheres-to-rods-to-vesicles takes place in a narrow pH range that straddles the pK a of P2VP. This transition is controlled by the degree of protonation of the P2VP blocks. At high pH, the copolymer precipitates from the solution.
Introduction
Amphiphilic block copolymers dissolved in a solvent selective for one block usually form micelles or colloidal aggregates [1] . Water is commonly used as a selective solvent, because many valuable systems are operating in aqueous media, e.g., in the fields of coatings [2] and drug delivery [3] . Most often, micelles consist of a spherical core formed by insoluble blocks surrounded by a shell of solvated blocks. More recently, micelles with a variety of structures have been observed, including rods, lamellae, vesicles, and tubules [4] [5] [6] . Although these micelles can be formed by direct dissolution of the amphiphilic diblock copolymer in water [4, 5] , an organic co-solvent is often used in the dissolution step [6] . For instance, Eisenberg et al. have dissolved highly asymmetric amphiphilic diblocks in a common solvent for the two blocks (most often, N,N-dimethylformamide) followed by the addition of water until the major block becomes insoluble. Aggregates of various morphology that consist of a core of the insoluble block surrounded by a thin shell of the short soluble block are then formed and are called "crew-cut". They are kinetically frozen by dialysis of the organic solvent against water [6] .
A more straightforward way to prepare polymeric micelles in water is to consider polymeric amphiphiles made of two blocks soluble in water, although in a limited range of pH. Self-aggregation occurs merely upon changing the pH, until one block becomes insoluble. For instance, Webber et al. reported that poly(2-vinylpyridine)-block-poly(ethylene oxide) diblock copolymers (P2VP-b-PEO) formed unimers at low pH and micelles at pH higher than 4.8 [7] . This concept of pH-dependent micellization was also illustrated by other copolymers, including poly(methacrylic acid)-blockpoly(ethylene oxide) diblocks [8] . The field of "double hydrophilic" copolymers to which these systems belong has been recently reviewed [9] .
Whenever P2VP is a constitutive block of these pH-sensitive diblocks, the exact mechanism of micelle formation might be more complex than expected because homo-P2VP is known for aggregation at least at a critical degree of ionization [10] .
Results and discussion
This contribution aims at reporting on the morphology of micelles formed by two asymmetric P2VP-b-PEO diblock copolymers of different composition (see Exptl. part). Self-association of these diblocks was analyzed as a function of pH by dynamic light scattering (DLS). Since the two constituting blocks are water-soluble at low pH, these diblocks form unimers in dilute acidic solution. P2VP(4.3)-b-PEO(9.0) -the numbers in parentheses being Mn x 10 -3 -shows however reversible pH-dependent micellization, in good agreement with previously reported observations [7, 11, 12] . Indeed, micelles with a hydrodynamic radius (R h ) of c. 25 nm and a rather broad polydispersity index (0.2) are formed at pH > 5, the P2VP block being then essentially uncharged and thus hydrophobic. These micelles are stable at pH > 7, as reported elsewhere [11] . In sharp contrast, P2VP(26.4)-b-PEO(5.9) precipitates from the solution at pH ≥ 5.5, because the minor PEO block is too short to stabilize micelles with a core formed by the major hydrophobic P2VP block. However, the careful control of pH in the pH 4.8 -5.5 range allows stable micelles or aggregates to be observed. R h of these objects and their polydispersity index are listed in Tab. 1. Except for the measurement at pH 4.9, the polydispersity index is high and the characteristic size is too large to fit the structure of classical star-like micelles. Clearly large micellar aggregates are formed. In parallel, the P2VP(26.4)-b-PEO(5.9) diblock only forms stable aggregates when a phosphate buffer is used to set the pH.
Whenever an acidified P2VP(26.4)-b-PEO(5.9) solution is titrated by NaOH, these aggregates are not observed, which indicates that the phosphate salt must contribute to the stabilization.
The morphology of the micelles and aggregates has been analyzed by transmission electron microscopy (TEM). one observed in Fig. 1 , also consistently with DLS measurements. Quite surprisingly, the micelles formed at pH 5.03 are no longer spherical, they have rather a rodlike or necklace shape (Fig. 3 ). These objects however look larger than they actually are in solution (DLS data in Tab. 1). The network of rods observed in Fig. 3 might be an artifact that results from the overlap of smaller micelles during TEM sample preparation. Finally, large vesicles dominate at pH 5.19 (Fig. 4) . It must be pointed out that the characteristic structures shown in Figs. 3 and 4 coexist with smaller dense spherical micelles (see, e.g., Fig. 4 ) which could contribute very significantly to the scattering signal and account for a smaller R h measured by DLS compared to the size estimated by TEM. All these morphologies have been previously observed for "crew-cut" micelles by Eisenberg et al. [6, 13] In order to gain deeper insight into the poorly defined micellar structure observed at pH 5.03, additional DLS experiments have been carried out. In this respect, the angular (extrapolated to zero concentration) and concentration (extrapolated to zero angle) dependence of the apparent diffusion coefficient (D app ) has been investigated for the micellar aggregates formed at pH 5.03 (Fig. 5) . The slope of the angular dependence of D app (Fig. 5a ) is related to the shape of the diffusing species [14] and is found to be 0.022 consistent with the value predicted for a rod-like, worm-like or elliptical structure (0.03). Moreover, a deconvolution of the intensity autocorrelation function using the CONTIN routine shows a second slow relaxation mode characteristic of rod-like structures and resulting from the coupling of translational and rotational diffusion [15] . All these characteristic features are only observed at pH 5.03 and clearly indicate the formation of rod-like micellar aggregates at this pH. D app is found to be constant with concentration ( Fig. 5b ), in agreement with the formation of quasi-frozen micelles with extremely low critical micellar concentration. This conclusion is not surprizing because the P2VP core of these micellar aggregates is glassy at room temperature. The sequence of structures shown by the P2VP(26.4)-b-PEO(5.9) sample when pH is increased from 4.9 to 5.5, i.e., the spheres-to-rods-to-vesicles sequence is in qualitative agreement with Eisenberg et al. who reported the same sequence for "crew-cut" micelles formed by various copolymers [6, 13] in which the length of the hydrophobic block was constant and that of the hydrophilic block was decreased. According to these authors, the different micellar morphology results from the interplay of three factors, i.e., stretching of the core-forming blocks, surface tension between the micelle core and the solvent outside the core, and interaction between the coronal chains. In a homologous series of diblocks in water, the spheres-to-rodsto-vesicles sequence is consistent with the stretching of the core-forming blocks. In spherical micelles, the degree of stretching of the hydrophobic chains is proportional to the radius of the micellar core. The increase of this radius is however limited by the related loss in entropy, until the system becomes unstable and the morphology changes. Since the hydrophilic PEO block is the major constituent (83 mol-%) of the P2VP(4.3)-b-PEO (9) sample (when all the 2VP units are deprotonated), star-like micelles are expectedly formed, that consist of a small hydrophobic P2VP core for which the problem of stretching of the constitutive chains is not critical.
The situation is quite different for the P2VP(26.4)-b-PEO(5.9) copolymer for which the hydrophilic PEO amounts to 35 mol-% when all the 2VP units are deprotonated. This asymmetric composition can explain that star-like micelles are not stable in water. The mole fraction of all the hydrophilic moieties (EO and protonated 2VP units) has been calculated at pH 4.82, 5.03 and 5.19 and found to be 0.74, 0.66 and 0.60, respectively. This calculation relies on the assumption that the mean pK a of the P2VP blocks is 5, independently of the ionization degree, which is a rough approximation [8] . Therefore, at constant molecular weight, an increase in the mole fraction of the hydrophobic 2VP units from 0.26 to 0.40 triggers a spheres-to-rods-to-vesicles morphological transition. In the series of the polystyrene-block-poly(ethylene oxide) diblock copolymers studied by Eisenberg et al., the same sequence in morphology was observed in a much larger composition range, i.e., from 0.58 to 0.94 for the mole fraction of polystyrene [13a] . The two series of diblocks are thus not directly comparable. In the polystyrene-block-poly(ethylene oxide) series, the polystyrene length is constant and the PEO block length is increased. In the present contribution, one P2VP-b-PEO diblock forms a series when analyzed at different pH's. Indeed, the PEO block length is constant and the number of hydrophobic 2VP units increases with increasing pH. The basic difference is however that deprotonation of P2VP is a random process, such that the molecular structure of the "hydrophobic" block is complex and so should be its organization in the micellar core. In this respect, previous investigations on the ionization of homo-P2VP suggest that non-protonated 2VP units tend to self-assemble into hydrophobic domains [10].
It must be reminded that micellization only occurs in the presence of a phosphate buffer. This prerequisite is more likely related to the electrostatic repulsions between water-soluble charged 2VP units that segregate preferentially at the frontier with the aqueous phase. This situation is schematically depicted in Fig. 6 , that shows a shell of water-soluble 2VP units around a micellar core of essentially uncharged hydrophobic 2VP units.
Addition of salt would be required to screen the strong electrostatic repulsions of the charged 2VP units, as it is sometimes the case for micellization of highly charged amphiphilic copolymers [16] . There is no reason for the phase separation between hydrophobic unprotonated and hydrophilic protonated P2VP to be sharp as ideally schematized in Fig. 6 . This situation is consistent with poorly defined structures observed by TEM and coexistence of different morphologies at a given pH. 
Conclusions
This contribution has shown that a spheres-to-rods-to-vesicles transition can be observed in the morphology of micelles formed by P2VP-b-PEO diblock copolymers that contain a major P2VP block, as a result of the careful control of the degree of ionization of P2VP. Charged 2-vinylpyridine units contribute to the hydrophilicity of the copolymer chains, which requires addition of screening salt for micellization to be observed.
The resulting micellar aggregates are less-defined than the ones previously reported for "crew-cut" micelles but, in the present investigation, all the morphologies could be reversibly obtained from a single copolymer by simply changing the pH.
Experimental part
The P2VP(4.3)-b-PEO(9.0) and P2VP(26.4)-b-PEO(5.9) diblock copolymers, the numbers in parentheses being Mn x 10 -3 , were synthesized by sequential living anionic polymerization with a polydispersity lower than 1.15, as described elsewhere [11] . The copolymers where then directly dissolved in water, buffered at the requested pH. A 0.1 mol/L phosphate buffer was used and the copolymer concentration was 1 g/L.
Dynamic light scattering (DLS) measurements were performed on a Brookhaven Instruments Corp. BI-200 apparatus equipped with a BI-2030 digital correlator and an Ion Laser Technology argon laser with a wavelength of 488 nm. The scattering angle used for the measurements was 90°. A refractive index matching bath of filtered water surrounded the scattering cell, and the temperature was controlled at 25°C. The experimental intensity correlation function was measured and analysed by using a cumulant expansion, as described elsewhere [11] . The mean hydrodynamic radius (R h ), the angular dependence of the diffusion coefficient and the polydispersity of the micelles/aggregates were calculated accordingly.
Transmission electron microscopy (TEM) observations were carried out with a Philips CM 100 apparatus operating at 100 kV. TEM micrographs were directly recorded with a Gatan 673 CCD camera and data were transferred to a computer equipped with the Ionized P2VP Deprotonated P2VP PEO Kontron KS 100 software. Samples were prepared by casting one drop of the aqueous micellar solution onto a Formvar-coated copper grid. Micelles were stained with RuO 4 vapor for 30 min.
